Abstract Anther culture is a convenient technique to obtain androgenic haploid and doubled haploid (DH) plants. In common eggplant (Solanum melongena), this technique has been used to develop DH pure lines for producing uniform F1 hybrid seed of some commercial varieties. However, a comprehensive study of the variation of this useful trait among different materials of common eggplant and related species is still lacking. In this work, we studied the androgenic response of 12 accessions of common eggplant and related materials from the primary (eggplant complex) and secondary genepools. We cultured anthers of all the accessions under the same experimental conditions, and studied their competence to produce calli, embryos and plants, as well as the quality and origin of the embryos produced. In our conditions, anthers of 11 out of the 12 accessions produced somatic calli, whereas only 5 also produced microspore-derived embryos, with variable results in terms of embryo quality and of frequency of embryo induction and plant germination. Embryos of responding accessions were initially haploid, and reached the DH status, verified with SSR markers, after a defined period of culture. In addition to other aspects common to many androgenesis-responsive species, our results allowed us to extract conclusions particular to common eggplant and relatives, including the difficulty for finding sources of androgenic competence out of S. melongena, the reduced impact of calli in the production of non-DH individuals, and the need to avoid the occurrence of severe anatomical and functional problems in the apex of most embryos, which seriously reduces their germinative success.
Introduction
Production of pure, doubled haploid (DH) lines through androgenesis is a powerful approach to overcome the limitations of classical breeding techniques for pure line generation, among many other advantages (reviewed in Dunwell 2010; Germanà 2011) . Despite of its convenience, DH technology is not well implemented in a number of economically important crops. This is the case of eggplant (Solanum melongena L.), a Solanaceae species from which DHs have been obtained in some cases, but for which the efficiency is still far from that achieved in model systems to study androgenesis (Wedzony et al. 2009 ), like rapeseed (Brassica napus L.), tobacco (Nicotiana tabacum L.) or barley (Hordeum vulgare L).
Eggplant is one of the most important vegetables worldwide. In 2009, 35,326,379 t were produced and 1,974,920 ha were harvested (FAOSTAT 2010) . This places eggplant in the sixth and seventh place in the rank of vegetable crops in terms of production and area harvested, respectively. Eggplant is a diverse crop species in terms of morphological and molecular diversity, as well as in the composition and uses of the fruit (Daunay 2008) . With respect to the ability of eggplant to be induced to androgenesis, the first report on plant regeneration from anther cultures dates from 1973, although a gametophytic origin for the regenerants was not unambiguously demonstrated (Raina and Iyer 1973) . After 40 years of this pioneering study, several media compositions and inductive treatments have been used to produce DHs through anther culture in different eggplant F1 hybrids and cultivars under different experimental conditions (Alpsoy and Seniz 2007; Borgel and Arnaud 1986; Dumas de Vaulx and Chambonnet 1982; Gémes Juhasz et al. 2006; Isouard et al. 1979; Matsubara et al. 1992; Rotino 1996; Rotino et al. 1987; Rotino et al. 1991; Sanguineti et al. 1990; Seguí-Simarro et al. 2011; Tuberosa et al. 1987) . Despite the fact that segregation distortion has been found in DH populations of eggplant (Barchi et al. 2010) , DHs also represent a useful tool for genetic analyses of traits of interest for plant breeding or related to domestication. However, a comparative study of the androgenic response of different cultivars, covering a wide diversity of common eggplant exposed to the same set of inductive and cultural conditions, is still lacking. Another important aspect for the advance in the knowledge of the particularities of this species is the identification of a highly responding genotype to be used as a reference. For example, in rapeseed, it is widely known that cv Topas presents a high embryogenic response (Ferrie 2003; Malik et al. 2008) , which makes it the choice for many basic studies aimed to reveal fundamental aspects of this intriguing process. Unfortunately, no similar references have been established in eggplant up to now.
Amongst the common eggplant relatives, some of the most interesting species are S. incanum L., S. aethiopicum L. and S. macrocarpon L. S. incanum is part of the primary genepool of the common eggplant, forming part of the so-called ''eggplant complex'' (Daunay 2008) , and its hybrids with S. melongena are fully fertile (Behera and Singh 2002) . S. incanum is the putative ancestor of common eggplant (Lester and Hasan 1991) , and presents some traits of interest for the improvement of cultivated species, like tolerance to drought (Lester and Hasan 1991) or a high content in antioxidant phenolics (Stommel and Whitaker 2003) . The scarlet eggplant (S. aethiopicum) and the gboma eggplant (S. macrocarpon) are cultivated species of economic importance in Western Africa, and are potential new crops for subtropical areas around the world (Gisbert et al. 2006) . Both species are phylogenetically close to S. melongena (Furini and Wunder 2004) , being part of the secondary genepool of common eggplant. Indeed, interspecific hybrids, although of limited fertility, have been obtained with eggplant (Behera and Singh 2002; Bletsos et al. 2004) . In contrast to the extensive application of anther culture to common eggplant, very little is known regarding the androgenic competence of eggplant relatives. To our knowledge, anther culture has only been used in this context to reduce tetraploid somatic hybrids of S. melongena with S. aethiopicum to a dihaploid status (Mennella et al. 2010; Rizza et al. 2002; Rotino et al. 2005) . However, no studies have been performed to analyze the response to androgenesis induction of these species. Therefore, it would be desirable to identify potential sources of competence in these eggplant relatives in order to exploit and transfer this trait to common eggplant, in a manner similar to that described for other agronomic traits (Daunay 2008) .
In this work, our main goal is to evaluate the variation for androgenic competence in a sample of eggplant materials, including commercial cultivars, local varieties and relatives of common eggplant, in order to identify androgenesis-responsive accessions, potentially useful as model systems, as well as androgenesis-responsive relatives. In addition to the genotype, we aimed to study the variation in other characteristics related to androgenic competence and important from a practical point of view. These included the occurrence of anther-derived calli and the quality and origin of the embryos observed.
Materials and methods

Plant material
Twelve different accessions of common eggplant and relatives were used in this work, including eight accessions of S. melongena from different cultivar types, origins, and fruit characteristics, as well as one accession of the wild ancestor of common eggplant (S. incanum), one interspecific hybrid between the S. incanum accession and one of the S. melongena accessions, one accession of the cultivated gboma eggplant (S. macrocarpon), and one accession of the cultivated scarlet eggplant (S. aethiopicum). The relationships between them are depicted in Fig. 1 , and descriptive data relative to species, accession type, origin, use, fruit colour, weight and length/ width ratio of the 12 accessions are summarized in Table 1 . These accessions have been additionally characterized at the morphological, molecular, and chemical levels and further detailed data on their characteristics can be consulted elsewhere (Muñoz-Falcón et al. 2008a , 2009 Muñoz-Falcón et al. 2008b; Prohens et al. 2007; Sanchez-Mata et al. 2010) . Plants were grown in 30 cm (2 l) pots at COMAV greenhouses (Universitat Politècnica de València), at a minimum of 18°C under natural light during spring months for three consecutive years.
Anther culture
Flower buds of the optimal size (variable for each accession) were harvested from greenhouse grown plants, transported under melting ice, surface sterilized and immediately dissected. Before plating the anthers, anther lengths were systematically measured with a caliper. Only those within the optimal range (those containing a majority of vacuolate microspores and young bicellular pollen) were considered for anther culture. A variable number of anthers (ranging from 68 to 225 per accession; see Table 2 ) were plated. Anthers were cultured according to Dumas de Vaulx and Chambonnet (1982) . Briefly, anthers were inoculated in dishes with agar-based Ct inductive medium and cultured for 8 days in darkness at 35°C. Then, they were transferred to light (12 h light/12 h darkness photoperiod) and 25°C for 4 more days. At day 12, anthers were transferred to R1 medium, where they were cultured indefinitely at 25°C, with medium refreshing every 20 days. Once embryos emerged from anthers, they were isolated and cultured individually on dishes or pots with V3 medium, where some of them germinated and gave rise to plantlets. These plantlets were transferred to pots with soil and acclimatized under greenhouse conditions.
Flow cytometry
Small pieces of anther-derived calli and embryos were processed using the CyStain UV Precise P kit (Partec GmbH, Münster, Germany). Additionally, young leaf samples from donor plants were analyzed and used as standards for 2C DNA content. Samples were chopped at 4°C with a razor blade in 400 ll of nuclear extraction buffer (NEB). After 1 min incubation in NEB, 1.6 ml of DAPI-based staining buffer was added and incubated for 2 min. Extracted nuclei were filtered through 30 lm CellTricks filters (Partec GmbH, Münster, Germany) and immediately analyzed in a Partec PA-I Ploidy Analyzer.
Genetic analysis with microsatellite molecular markers
Prior to their use to determine the origin of the plants regenerated from anther-derived embryos, donor plants of the commercial F1 hybrids Ecavi and Bandera were screened using microsatellite markers (SSR). Young leaf tissue was sampled from five different, randomly chosen donor plants, and genomic DNA was isolated from 50 mg of tissue using the modified CTAB (hexadecyl trimethylammonium bromide) method described in Ferriol et al. (2003) . Each donor plant was analyzed using the following 27 SSR markers known to be polymorphic in other eggplant materials (Manzur 2009; Nunome et al. 2003; Stagel et al. 2008 ): CSM1, CSM8, CSM13, CSM15, CSM18, CSM19, CSM23, CSM25, CSM26, CSM27, CSM36, CSM33, CSM40, CSM41, CSM42, CSM44, CSM57, CSM58, CSM59, CSM63, CSM65, CSM68, EEMS37, EEMS49, EM107, EM126, and EM145. The forward primers were labeled with different fluorescent dyes and six loci were simultaneously detected using an ABI PRISM 310 Genetic Analyzer. Heterozygous loci were consistently found for five SSR markers (CSM36, CSM41, CSM57, EEMS49, and EM126) in all Ecavi donor plants, and seven SSR markers (CSM19, CSM36, CSM33, CSM40, CSM58, CSM63, and EEMS37) in all Bandera donor plants. These markers were used as described above in anther-derived regenerants to verify their genetic origin.
Light microscopy
Microspore-derived embryos were fixed in Karnovsky fixative solution (4% formaldehyde ? 5% glutaraldehyde in 0.025 M cacodylate buffer, pH 7), post fixed in 2% OsO 4 , dehydrated in ethanol series, embedded in EM-bed 812 resin (Electron Microcopy Sciences) and polymerized at 60°C for two days. Thin (1 lm) sections were produced with a Leica UC6 ultramicrotome, mounted and observed under phase contrast in a Nikon Eclipse E1000 microscope.
Results
The 12 genotypes used in this study were tested for their androgenic response by culturing anthers under the same experimental conditions. The protocol used, based on Dumas de Vaulx and Chambonnet (1982) with small modifications, has been used for over 30 years for eggplant anther cultures . The response to anther culture of each genotype in terms of callus, embryo and regenerated plantlet production is shown in Table 2 , expressed as number of calli, embryos and plantlets produced per 100 anthers plated. Additional parameters such as the percentage of responding buds and anthers, the percentage of responding anthers per responding bud and the number of plants obtained per 100 embryos plated were also calculated. ''Responding buds'' or ''responding anthers'' were defined as those buds or anthers producing at least one embryo.
Response of the different genotypes to anther culture
With the exception of S. incanum, all genotypes produced calli, with rates ranging from 12.5 to 45.8 calli/100 anthers. After approximately 2 weeks in culture, anthers adopted a brown colour and swelled ( Fig. 2a) . Upon anther burst, whitish, friable calli rapidly emerged at different regions out of the swollen anthers and were clearly visible to the naked eye ( Fig. 2b ). Few weeks after callus appearance, they turned yellow and adopted a hard, non-friable, frequently coriaceous texture (data not shown). In few occasions, green regions were visible on the surface after several months of culture. Nevertheless, no signs of organogenesis or secondary embryogenesis were evident on these regions, and no plants were recovered from calli. In contrast to callus production, embryo production was restricted to 5 (ANS3, ANS26, Bandera, Ecavi, and IVIA371) out of the 12 accessions, with highly variable rates ranging from 0.7 to 60.9 embryos/100 anthers (Table 2) . Heterogeneity in the embryogenic response was observed not only at the cultivar level. Within cultivars, the percentage of responding buds and responding anthers ranged between 4.2 and 25%, and between 0.6 and 7.2%, respectively. Even within a given bud, not all the anthers responded equally. In fact, the average number of responding anthers in a given bud ranged from 0.5 to 2. Differences were also found in terms of embryo production within anthers of a same bud. The most dramatic example was found in Ecavi, where two anthers of a same bud produced eight and two embryos, respectively, while the others showed no response.
The most frequent scenario in embryo-producing anthers was the coexistence of callus masses together with elongated, yellow-green embryo-like structures arising from the same anther (Fig. 2c) . However, in certain genotypes (e.g., Ecavi) anthers producing only embryos were frequently observed (Fig. 2d) , whereas most anthers of genotypes such as ANS3 or Cristal (Fig. 2b) only produced calli. Upon reaching few millimetres in length, embryos were easily detachable from the anther for individualized culture. In some occasions, embryos detached from the anther by themselves and continued growing independently. When cultured alone, only embryos of genotypes ANS26, Bandera, and Ecavi germinated (Fig. 2e) , with variable germination rates, both per anther (1.0, 2.7, and 5.8 plantlets per 100 cultured anthers, respectively) and per embryo (33.3, 23.1, and 9.5 plantlets per 100 cultured embryos, respectively). No clear correlation between inductive and germinative response was observed. Indeed, the cultivar most responsive to induction was Ecavi, whereas the Fig. 2 Eggplant anther cultures. a Swollen, necrosing anther of cv. Bandera after 2 weeks in culture. b Anther of cv. Cristal, after 6 weeks in culture, producing callus masses at both sides. c Anther of cv. Bandera after 6 weeks in culture, producing both callus masses and embryos (arrowhead). d anther of cv.
Ecavi after 6 weeks in culture, producing only embryos (arrowheads). e-g Germinating embryo (e), regenerating in vitro plantlet (f), and fully acclimated DH plant (g), all three of cv. Bandera. Bars a-d 1 mm, e-f 1 cm cultivar most efficient in terms of germination was ANS26, being Ecavi the worst. Both germinating and non-germinating embryos showed different morphologies, most of them characterized by the presence of anatomical abnormalities. Their anatomy, germinative competence and origin is analyzed in more detail in the next section. Germinated embryos gave rise to normally-looking in vitro plantlets (Fig. 2f ) and eventually to completely acclimatized, full plants (Fig. 2g) .
Embryo anatomy and germinative capacity
The next goal was to evaluate the quality of the embryos obtained. For this, we chose Bandera and Ecavi plants as donors for cultured anthers. Results in terms of embryo quality were similar for both cultivars, and so we present and discuss the pooled results. The embryos obtained were classified into three categories as follows:
(1) Severely abnormal embryos, with important anatomical dysfunctions incompatible with a viable embryo progression. This category included mainly arrested embryos at the globular stage, embryos not properly elongated or differentiated, or embryos with no root or shoot apical meristem (Fig. 3a) . (2) Abnormal embryos, with anatomical alterations ranging from mild to severe, but not necessarily implying abortion. This category included embryos with swollen organs, or with shoot apical meristem but with absent, fused, single, asymmetric (Fig. 3b) , or supernumerary cotyledons (Fig. 3c) . (3) Viable embryos, with slight, non-critical anatomical alterations (Fig. 3d) , and in principle, capable of germination. These embryos were additionally characterized by a whitish epidermis, less translucent than that of abnormal embryos.
Among 148 embryos analyzed, 60 (40.5%) corresponded to category 1. As expected, none of them was able to germinate. Seventy-five embryos (50.7%) corresponded to category 2. Of these, 58 (39.2%) did not germinate, and 17 (11.5%) were able to germinate and develop into plantlets, sometimes with abnormalities, but capable of growing. Among these abnormalities, the most frequent was the appearance of fused cotyledons (Fig. 3e) . Thirteen embryos (8.8%) corresponded to category 3. All of them germinated with no significant problems, giving rise to full, normal plantlets (Fig. 3f) . In total, 20.3% of embryos were able to germinate (11.5% from category 2 and 8.8% from category 3). The rest (79.7%) showed diverse anatomical problems incompatible with germination. Most of these problems were related to deficiencies in the development of the shoot apex. In order to shed light into the origin of the observed abnormalities, we analyzed some of the defective embryos under the light microscope (Fig. 4) . Light microscopic sections of most of the defective embryos (categories 1 and 2) at the root and hypocotyl levels showed no significant alterations (data not shown), whereas serious abnormalities were observed at the shoot apical region. In some cases lateral protrusions, possibly cotyledon primordia, were observed at the shoot apex. However, a well developed, clearly identifiable shoot apical meristem could not be observed in between (Fig. 4a) . In many other cases, the apical region was absolutely disorganized, with no traces of differentiation of cotyledons or shoot apical meristematic layers (Fig. 4b) . In contrast, category 3 embryos showed a clear domeshaped domain, either with or without cotyledonar primordial at both sides. Such a dome-shaped domain resembled the structure and internal organization of a shoot apical meristem (Fig. 4c) . The presence of this meristematic region was consistently observed in category 3 embryos, but not in categories 1 and 2. Thus, it appeared that one of the most relevant differences between germinating and non-germinating embryos was the ontogenesis of the shoot apical meristem region.
Callus and embryo origin
Considering the significant amount of calli produced in nearly all the genotypes studied (Table 2) , we studied the putative origin of the calli and embryos obtained, in order to ascertain how many embryos had a gametophytic (microspore-derived) origin, and how many could possibly come from somatic calli through secondary embryogenesis. We first analyzed 20 randomly selected calli by flow cytometry. All of them presented a diploid DNA content (data not shown), identical to the diploid parental plants used as controls. Not a single haploid signal was observed in any histogram. We also analyzed by flow cytometry the embryos produced from cultured anthers of Bandera for 3 months. As seen in Table 3 , 17.9% of the embryos produced were haploid, and nearly half of them (46.4%) were diploid. Higher ploidies and mixoploid individuals were also observed, although in lower percentages. Interestingly, the appearance of ploidies higher than haploid, either as euploids or as mixoploids, seemed to be related to their permanence in culture. When the days of culture of each embryo (defined as the days elapsed from the beginning of culture until the embryo is detected, isolated and analyzed) were correlated with its ploidy, a clear trend was observed, as revealed by a linear correlation coefficient of 0.8573. Late-appearing embryos used to have higher ploidies than early-appearing embryos. Besides, mixoploid embryos appeared in days of culture intermediate between the corresponding euploid embryos. Since the rest of culture conditions are identical for all of the embryos, these results may suggest that culture time is the main factor influencing the chromosome doubling step necessary for a haploid to become DH.
Finally, we also analyzed ten randomly chosen plantlets derived from embryos of Bandera and Ecavi donor plants with microsatellite (SSR) molecular markers. All 20 plantlets germinated from Bandera and Ecavi anther-derived embryos were homozygous for the SRR markers (7 and 5 for Bandera and Ecavi, respectively) that were heterozygous in their corresponding donor plants. These data, together with those coming from flow cytometry indicated that all the embryos produced had a microspore origin, i.e., they were true androgenic embryos.
Discussion
In this work, we have evaluated the response to anther culture of 12 different eggplant accessions covering both common eggplant and related species. These accessions constitute a good representation of the genetic variability found in common eggplant, both in local varieties and commercial F1 hybrids, and also include materials from the eggplant complex (S. incanum), and from the cultivated relatives scarlet (S. aethiopicum) and gboma (S. macrocarpon) eggplants. In the literature, a number of reports on anther culture of different eggplant F1 hybrids and cultivars under different experimental conditions can be found (see introduction). However, to our knowledge this is the most comprehensive study on the androgenic response of common eggplant accessions and relatives exposed to the same anther culture protocol performed up to now. This approach allowed us to draw several conclusions as to the androgenic competence of common eggplant and relatives, as explained below.
The genotypes most responsive to androgenesis are restricted to S. melongena
In plant breeding, it is usual to exploit the natural variability present in related species. This strategy has been successfully implemented in tomato, where most of the genetic variability was estimated to be present in wild tomato relatives, whereas cultivated tomato represented only 5% of the total genetic variability that can be found in all species of tomato (Miller and Tanksley 1990) . Thus, many interesting traits (related to resistance to pests and diseases, quality, yield, etc.) have been identified in wild relatives and introgressed in cultivated tomato. In eggplant, where a wide genetic diversity is also present in related species (Furini and Wunder 2004) , this approach has been successfully used to confer cultivated eggplant resistance to various pathogens and pests (Daunay 2008; Nikova et al. 2007) . With respect to the traits conferring androgenic competence, very little is known from eggplant relatives, since nearly all of the works on eggplant anther cultures have been conducted in common eggplant (Nikova et al. 2007; Rotino 1996; Seguí-Simarro et al. 2011) . Although indirectly, the only examples found in the literature regarding the use of relatives report on the exploitation of androgenesis to reduce tetraploid somatic hybrids (S. melongena 9 S. aethiopicum) to dihaploidy (Mennella et al. 2010; Rizza et al. 2002; Rotino et al. 2005) . Thus, one of the main goals of our study was to ascertain if a similar strategy could be applied to androgenic competence. Our results showed that under our defined conditions, six out of the twelve genotypes tested were sensitive to embryogenesis induction. From them, four regenerated plants. According to the classification illustrated in Fig. 1 , all of the responding genotypes corresponded to the group of common eggplant, being either commercial F1 hybrids (Bandera and Ecavi) or local varieties (ANS3, ANS26, and IVIA371). Out of common eggplant, no embryogenic response was observed. Our results, obtained comparing the androgenic response of different genotypes under the same experimental conditions, suggest that outside S. melongena, it may not prove easy to find a clear source of androgenic competence to be used to improve that of cultivated varieties, at least using the protocol used here (Dumas de Vaulx and Chambonnet 1982) . Among modern hybrid cultivars, the genotype showing the best performance was Bandera, as it ranked second in terms of both embryo and plant production. Also, Bandera is heterozygous for an important number of SSR markers and this helps studying the origin (DH vs. somatic) of regenerated plants from anther culture. At least in the conditions we used, this genotype should be considered for the future use as a model genotype in eggplant. However, it must be noted that Bandera produced the highest rate of somatic callus (undesirable for DH production), and an embryogenic rate nearly six times lower than Ecavi. The latter could also be considered a good genotype to work with, provided that germination efficiency is improved. Alternatively, protocol adaptations to increase the embryogenesis/callogenesis ratio in Bandera would surely help to establish this cultivar as a good candidate to study androgenesis in eggplant. Indeed, we have observed higher embryogenic responses when Bandera anthers are cultured in media supplemented with different concentrations of maltose instead of sucrose, whereas other genotypes responded negatively to these modifications (our unpublished results). Furthermore, our group is currently working on an adapted protocol to obtain DHs through isolated microspore cultures , and in these conditions Bandera greatly outperforms Ecavi as well as other cultivars (Corral-Martinez and Seguí-Simarro, manuscript in preparation).
The fact that androgenic response is found only in S. melongena, and mostly in modern hybrid cultivars, may not be coincidental, as the protocol used was developed specifically for S. melongena (Dumas de Vaulx and Chambonnet 1982) and parents of many modern varieties of eggplant have been obtained through anther culture using this protocol. Therefore, unconscious selection may have been done for higher androgenic response in breeding programs, resulting in the fact that modern hybrids are, in general, more responsive than traditional varieties to these particular conditions. According to this, it is possible that under different, optimized conditions, some of the genotypes showing null response in our study might show some response. This speculation also applies to the scarlet (S. aethiopicum) and gboma (S. macrocarpon) eggplants, insensitive to our inducing conditions. These species would be especially benefited by this, since they are cultivated species, and the development of adapted protocols for DH production, as has already been done for plant regeneration from somatic tissues (Gisbert et al. 2006) , would surely boost breeding programmes in these neglected crops.
It is also important to note that the interspecific hybrid between eggplant and its putative ancestor (S. melongena ANS26 9 S. incanum MM577) did not show any embryogenic response at all, whereas the parent ANS26 showed a relative embryogenic response. Other eggplant traits related to in vitro culture, like the regenerative response of cotyledon explants cultured in vitro (Chakravarthi et al. 2010) have been suggested to be easily transferable into economically important, recalcitrant cultivars. However, this does not seem the case of androgenic competence. Considering that the hybrid was fully fertile, and that its female parent was ANS26, this null response might be indicating that androgenic competence is directly or indirectly governed by nuclear-encoded, recessive genes.
Androgenic response of competent genotypes is highly heterogeneous Another conclusion that can be drawn from our study is the high heterogeneity found in the embryogenic response of competent genotypes. This heterogeneity is reflected in the variable percentages of embryo induction, ranging from 0.7 to nearly 61 embryos/100 anthers. Genotype-dependent differences of approximately two orders of magnitude are not surprising in view of the literature on microspore embryogenesis. Heterogeneity is a well-known common trend in all the studied species (Seguí-Simarro 2010). For example, in the model system Brassica napus, high embryogenic induction frequencies have been described in cultivars such as Topas (Ferrie 2003) , whereas very low or null response is characteristic of cultivars such as Westar (Malik et al. 2008) . Nevertheless, considering that at least some response was observed in five out of the eight eggplant cultivars tested, it seems likely that, as mentioned previously, an improvement in their induction frequencies may be obtained by adapting culture conditions to the special needs of each particular genotype.
Heterogeneity is also reflected in the percentages of embryo germination of each genotype. Furthermore, within a responding cultivar neither all the buds of the same individual nor all the anthers of the same bud respond equally. Assuming that the new genetic combinations produced by meiotic recombination are equally possible in all microspores of all anthers of a given plant, one should expect a similar numeric response in all anthers of the same plant. Instead, we found response only in 1-2 anthers per bud. In addition, we observed highly and null responding anthers in a same bud, for example in Ecavi. It seems that in addition to culture conditions, exogenous factors such as the developmental asynchrony of the different anthers of a bud may also be highly influencing the observed heterogeneity. In general, anthers of a given length are composed of a mixed population of microspores and/or pollen at different developmental stages (Seguí-Simarro and Nuez 2005) . The number of microspores at the optimal stage for induction in a plated anther is a parameter very difficult to control, which may likely explain a large amount of the heterogeneity observed. In turn, this stresses the need for accurate preliminary studies of the optimal bud and anther lengths needed to minimize heterogeneity.
Somatic calli coexist with microspore-derived embryos with no critical interferences
In most of the species producing calli from cultured anthers, most of them have a somatic origin. In fact, this is one of the main problems of anther culture in practice, since anther tissue-derived calli are a potential source of somatic embryos and regenerants, undesirable for DH production. For example, it was recently demonstrated that up to 83% of the calli produced from tomato cultured anthers were directly derived from anther wall tissues ). However, when eggplant microspores of certain genotypes are isolated and cultured out of the anthers, highly proliferative calli are produced, and microspore-derived, haploid and DH plants are regenerated from them (Miyoshi 1996; Seguí-Simarro et al. 2011) . Thus, reasonable doubts may arise about the origin of the calli produced in eggplant anther cultures.
In contrast to the heterogeneity observed in embryo production, callogenic response in our material was found to be less dependent of genotype. With the exception of S. incanum (null response), all of the genotypes produced calli. Although some differences between genotypes were observed in terms of callus production (12.5 to 73.2 calli/100 anthers), they were considerably smaller than those observed for embryo production. In addition, regeneration was not observed in any callus of any accession, either in terms of organogenesis or of secondary embryogenesis. These facts, observed in calli of markedly different genotypes, together with the differences observed between anther-derived calli and embryos, and the different behaviour described for antherderived calli (this work) and microspore-derived calli (Miyoshi 1996; Seguí-Simarro et al. 2011) , constitute evidence pointing to a somatic (anther tissues) origin for calli, and to a gametophytic origin for embryos, as also demonstrated through ploidy and molecular analysis of embryos.
Considering the reduced friability of the calli produced, their clear link with anther wall tissues, their absolute inability to regenerate neither organs nor embryos, and the flow cytometric data showing that all of them are diploid, we concluded that all of the calli observed to emerge from eggplant cultured anthers had a somatic origin. On the other hand, anther-derived embryos were most likely originated from microspores of the anther locule. This is the most reasonable conclusion considering the following data: (1) embryos arise from the anther locule and easily detach from the anther, with no physical link with the rest of anther tissues; (2) the analyzed embryos show a clear timedependent gradation in ploidy from haploid to tetraploid, including both euploids and mixoploids; (3) diploid individuals coming from donors heterozygous for the SSR used, are homozygous for these SSR. Thus, in eggplant both anther tissue-derived calli and microspore-derived embryos are produced when anthers are cultured. Calli and embryos coexist but, according to our results, no critical interferences seem to exist Euphytica (2011) 182:261-274 271 between both processes: no somatic embryos are produced from calli, and androgenic embryos can be easily identified and isolated from cultured anthers. In practical terms, the presence of anther-derived calli could originate a competition for nutrients that could possibly reduce the efficiency of microspore-derived embryo production. However, somatic calli seem not a source of embryos of somatic origin, useless to produce pure lines.
Microspore-derived embryos are characterized by abnormal shoot apices and increasing ploidy levels
All of the microspore-derived embryos showed different problems at the shoot apical meristem and its derived organs, ranging from small-sized cotyledons to completely disorganized shoot apices. In many cases, these problems affected their germination. The presence of different levels of anatomical and functional abnormalities has been previously described as a general problem of most of the known androgenic systems. It is remarkably frequent in eggplant androgenic embryos derived not only from anther cultures, but also from isolated microspore cultures (CorralMartínez and Seguí-Simarro 2010). The different culture conditions applied up to now in this species seem to have failed in promoting a proper development of the shoot apical meristem. Abnormal DH embryos could alternatively be used to regenerate DH plants through organogenesis. However, this would imply additional steps and the addition of technical complexity to the method, therefore precluding it from being used on a routine basis. It is thus necessary to focus on the development of media compositions and/ or conditions where embryos could be able to express all of their embryogenic potential. The precise regulation of endogenous factors such as the intracellular redox potential, levels of ethylene, abscisic acid or indole acetic acid, or the exogenous application of brassinosteroids or arabinogalactan proteins, are clear candidates to help to overcome these problems. All of these factors have been described as directly implicated in the acquisition of identity and the development of the shoot apical meristem of common eggplant (reviewed in Seguí-Simarro et al. 2011) . A particularly interesting finding of the study of embryo ploidies is the clear relationship shown between ploidy level and culture time. It is known that culture environment, and especially the growth factors used, have an influence in ploidy levels of dividing microspores (Seguí-Simarro and Nuez 2008) . The more time the embryo is exposed to this environment, the higher the ploidy is. This process of induced genome doubling would not be synchronous for all of the cells of the embryo. Cells of proliferative tissues (e.g., meristems) would double their genome earlier, giving rise to mixoploid embryos, and some other cells would double later on, giving rise to euploid embryos, 100% DHs. This same reasoning would also apply to the transition from a DH to higher ploidies. In higher ploidy mixoploids, cells from proliferative tissues would divide more rounds than others. In addition, this fact would also be indicating that there is a timeframe during embryo development where most of the embryo cells have already doubled their genome, becoming DH either in all or in part of their cells. In our system, this timeframe would be 70-80 days after plating Bandera anthers, according to Table 3 . Before this time range, embryos would be mostly haploid or mixoploid (n ? 2n). After it, chances of having a tetraploid or mixoploid (2n ? 4n) embryo increase. In practical terms, ensuring doubled haploidy in the shoot apex would be sufficient to use in practice such an embryo as a DH, since the shoot apical meristem is the responsible for the ontogeny of all of the aerial parts of the plant, including floral organs, germ lines and gametes. In conclusion, a potential way to speed-up the process of DH production from eggplant anther cultures would be to select and germinate only embryos within a given range of culture days, provided that the embryogenic rate is good enough to have a sufficient number of embryos within this range. In this way, by discarding early and late embryos, the need for genome doubling treatments could be reduced or eliminated.
Concluding remarks
In this work we have evaluated the androgenic competence of 12 eggplant accessions representing the genetic variability found in eggplant, covering local varieties, and commercial hybrids of common eggplant and materials of related species, including its putative ancestor (S. incanum), an interespecific hybrid of the latter with S. melongena, and the cultivated scarlet (S. aethiopicum) and gboma (S. macrocarpon) eggplants. We have shown that when exposed to the same culture conditions, only S. melongena cultivars responded to anther culture. From them, the best overall performing cultivar was Bandera. However, the general response was heterogeneous, in terms of both embryo and DH plant production. In our conditions, responding anthers produced both callus derived from anther tissue and embryos derived from microspores. Although calli are in general undesirable, in eggplant they did not appear as a clear source of interfering somatic embryos. Microspore-derived embryos presented in most cases defective shoot apical meristems, leading to low germination efficiencies. These embryos reached the DH status after a defined time of anther culture (70-80 days for Bandera). Extending this culture time should be avoided, since it could originate embryos of higher ploidies.
Considered together, our results provide a global view of the behaviour of microspores of different eggplant accessions when induced to androgenesis through anther culture. In some aspects, eggplant is not different from other, better known, androgenic systems. However, we have revealed other aspects that may be particular to eggplant. These include the difficulty for finding sources of androgenic competence out of S. melongena, the reduced impact of calli in the production of non-DH embryos or plants, and the appearance of severe anatomical problems in most microspore-derived embryos, which seriously reduces their germinative success. In addition to the improvement of induction efficiency in some cultivars, this should be the main focus of research en eggplant microspore embryogenesis in the next years, in order to reduce the distance between this species and the group of the so-called model species.
